Abstract: An optical method for measuring soot volume fraction, flame temperature, and concentration of combustion products in a diffusion flame based on time-division multiplexed tunable diode laser absorption spectroscopy technique is presented in this article. By moving the slot burner with an electric platform, two-dimensional profile of soot volume fraction, flame temperature, and gas concentrations along the flame sheet with 1-mm spatial resolution were obtained simultaneously. The flame temperature and soot volume fraction were simultaneously on-line monitored using one distributed feedback diode laser with a center wavelength at 1397.83 nm. Tunable diode laser absorption spectroscopy based temperature measurements in the flame were carried out by two-line thermometry of H 2 O and compared with the thermocouple technique. The attenuation of tunable diode laser intensity caused by soot extinction and gas absorption after transmitting through the diffusion flame was detected. And the soot volume fraction was determined quantitatively with laser extinction based on Rayleigh limit assumption. Two tunable distributed feedback diode lasers with center wavelength at 2001.6 and 2302 nm were used to determine the CO 2 concentration and CO concentration, respectively. The experimental results of soot volume fraction, flame temperature, and the mole fraction of combustion products by varying concentrations of CO 2 added in the diffusion flame were analyzed.
Introduction
Combustion diagnosis takes a significant position in the combustion community. Any type of combustion is characterized by the main parameters: gas temperature, concentrations of key combustion products, and so on. Due to the complexity of the combustion process, fast, accurate, and reliable measurements of the abovementioned parameters are of importance for understanding the controlling mechanisms of various combustion phenomena. Tunable diode laser absorption spectroscopy (TDLAS) technique has long been applied with its merits of non-intrusive, species-selective with high-time resolution and fast response for in situ combustion diagnosis. Diode lasers operating at different wavelengths have been utilized for measuring multiple combustion parameters such as temperature, species concentration and soot volume fraction in various combustion systems [1] - [3] .
State-of-the-art TDLAS for combustion diagnostics are embedded in a variety of applications, such as scramjet combustor, coal gasifier, pulse-detonation combustor, IC engines, and so on [4] - [15] . Li et al. designed tunable diode laser sensors for simultaneous measurements of multiple flow parameters of scramjet combustor based on the time division multiplexing scheme. Simultaneous measurements of multiple flow parameters in the combustor provided valuable data for estimation of the engine efficiency [4] . Hanson group also designed TDLAS sensors for simultaneous measurements of gas temperature, CO, CO 2 and other target gas concentrations in hydrocarbon combustion flows, which would give a better understanding of hydrocarbon combustion in scramjets [5] , [6] . Teichert et al. used near-infrared diode lasers to determine CO, H 2 O, and temperature simultaneously in the combustor chamber of a coal power plant by TDLAS sensor [7] . Caswell et al. used three time-division multiplexed lasers to provide simultaneous measurements of multiple gas parameters in a pulsed-detonation combustor [8] , [9] . TDLAS sensors also have been used to study and characterize a variety of IC-engine strategies to improve combustion efficiency and reduce emissions [10] , [11] . Lackner et al. utilized two tunable diode lasers for quantitative diagnostics of CO, CH 4 and H 2 O in the fluidized bed combustor [12] . Recently, Hanson group reported the first diode laser absorption measurements for gas temperature and species concentrations in a pilot-scale coal gasifier [13] , [14] . Sepman et al. reported the first measurement for accurate real-time in-furnace monitoring of CO, H 2 O and soot volume fraction under pilot-scale gasification conditions using a TDLAS sensor based on single laser near 2.3 μm [15] .
As can be noticed from the abovementioned publications, these applications included measurements of multiple gas parameters, detection in various harsh environments, usage of single laser for multispecies detection, and so on. However, these works mainly focus on on-line measurement or process control, but for validation of numerical simulations, spatially resolved profiles were desirable [16] . Other non-intrusive techniques such as coherent anti-Stokes Raman scattering (CARS) can also be used to measure the temperature distributions in the flame. But these optical systems require complicated optics and expensive laser sources to realize high spatial and temporal resolution measurements, which are sometimes challenging to meet [17] - [21] . Given the limitation of TDLAS by its path-integrated nature, it is suitable for homogeneous reaction systems. In homogeneous reaction systems, all spatial dependencies can be suppressed, which is appropriate for application of line-of-sight, in situ absorption measurements. In the long term history of combustion research, laminar flames, in which a simple flow configuration makes the investigation more tractable, have been used extensively. In this work, a Wolfhard-Parker slot burner was modified to minimize the edge flames to create a uniform, 2-dimensional ethylene diffusion flame. Measurements are taken in ethylene/air diffusion flames on the modified Wolfhard-Parker slot burner. The studies presented here focus on developing and demonstrating a suitable platform for obtaining measurements of gas concentration, temperature, as well as soot volume fraction distribution profiles in the diffusion flames. To validate our research, we also investigate the addition influence of CO 2 on the diffusion flames. Thus, different effects due to the addition of CO 2 can be refined through experiments.
The purpose of this work has been to extend upon our previous studies [22] - [24] in an attempt to shed light on the missing information in the ethylene diffusion flames. This work demonstrates in situ measurements of CO, CO 2 in the combustion regions of a diffusion laminar flat-flame burner, and simultaneous measurements of gas temperature and soot volume fraction to verify the spectroscopic foundation and feasibility of these sensors. Especially significant for the success of this work were improvements in the optical engineering to enable measurements with three lasers spanning a wavelength range of 1.4∼2.3 μm, including: the use of time-division-multiplexing, allowing a single detector for measurement of three species. The aim of this study is to develop a technique for accurate real-time monitoring of CO, CO 2 , temperature, and soot volume fraction in the diffusion flames. The novelty of the work is (1) the diagnostics of the temperature, CO, CO 2 concentration and soot volume fraction profiles in the diffusion flame using three diode lasers based on time-division multiplexing scheme, (2) the effect of added CO 2 on the features of the diffusion flame and the production of pollutants were also investigated. 
Methodology and Experimental Set-Up

Line Selection
For temperature or concentration measurements using calibration-free direct TDLAS (dTDLAS) technique, the selection of the optimum absorption lines to utilize is often a compromise between the availability of laser sources and the specific measurements conditions. Absorption lines of the targeted species should be relatively strong enough compared to other potential interfering species. The absorption lines of the targeted species in the near infrared region are shown in Fig. 1 . Figure 1 shows the absorption linestrengths of CO, H 2 O and CO 2 at the combustion-like temperature (1200 K) in the 1-3 μm spectral region. As illustrated in Fig. 1 , the absorption linestrengths of H 2 O are relatively strong throughout the near infrared region, while CO and CO 2 have weaker and distinct absorption bands near 1.5, 2.0 and 2.3 μm. The availability of diode lasers operating near 2.0 and 2.3 μm enables measurements of CO 2 and CO with significantly increased signal-to-noise ratio and sensitivity compared with these operating near 1.5 μm. For example, the maximum CO 2 line intensities near 2.0 μm are almost one hundred times stronger than those near 1.57 μm. Taking into account all these factors, gas temperature and soot volume fraction were measured by a pair of H 2 
Multi-Parameter Measurement Methodology
For the calibration-free measurement of temperature, species concentration and soot volume fraction, we used dTDLAS. This approach permits a robust in situ detection in combustion environments. The tunable diode laser beam is directed through the combustion region and detected by a photodetector. The laser intensity will be attenuated by the absorption of specific gas species, extinction of soot particles, and is also enhanced by flame background radiation. The absorption process can be described in terms of the extended Lambert-Beer-law:
Where, I t and I 0 represent the transmitted and original laser intensity, respectively. α abs is the gas absorption coefficient and κ ext is the soot extinction coefficient. E flame is the flame background radiation. In order to eliminate the effects of background radiation, we determine the E flame at the beginning of each scan. The initial part of the current ramp was selected to below the threshold current of the laser. This allowed us to measure the background radiation required for evaluation of the quantitative data at the time of the scan in the absence of laser light. P is the total pressure in the detected region and X is the mole fraction of the gas species. ϕ ν is defined as the line-shape function of transition j. S j (T) is the line-strength of gas absorption transition j, which depends on gas molecule structure, transition wavelength, and the temperature.
The absorbance of one absorption transition of gas species is very narrow, while soot particles can absorb the light in a very wide wavelength region from visible up to near infrared region. Thus, the extinction of soot particles is wideband absorption. The radiation of flame also occurs in a very wide wavelength range. In the non-gas-absorption wavelength region, gas absorption coefficient α abs = 0. The laser intensity I 0 after being attenuated by soot extinction and enhanced by flame radiation can be obtained by fitting a polynomial baseline, which can be expressed as:
With the values of fitted baseline signal I 0 , flame background radiation E flame , and original laser intensity I 0 obtained, the soot extinction coefficient κ ext can be calculated from Eq. (2) and expressed as:
In the gas-absorption wavelength region, where the absorption of gas species occurs, the gas absorption coefficient α abs can be calculated from Eq. (1) and (2), and formulated as:
The temperature T can be derived from Eq. (5) with the lower-state energy (E i and E j ) and line-strength (S i (T 0 ) and S j (T 0 )) known at the reference temperature T 0 , expressed:
The line strength value S j (T ) can be obtained from the HITRAN database once the temperature value T is obtained. Meanwhile, linestrength ratio R of two different absorption transitions (transition i and transition j) of the target gas species also can be obtained. With the pressure P and laser path length L known, the concentration X of the target gas species can be calculated using as Eq. (6):
where A j is the integrated spectral absorbance area of transition j. When investigating the soot using light in the near infrared region, the primary soot particles with sizes of 5∼30 nm is much smaller than the laser wavelength. Thus, the scattering contribution to the overall extinction is tiny, which could be neglected in common practice. Scattering losses are generally considered insignificant relative to absorption at the detected wavelength (1397 nm). With this so-called Rayleigh assumption used in this study, the extinction coefficient κ ext is assumed to be equal to the absorption coefficient κ abs , and simple relations are readily derived to deduce the soot volume fraction. The absorption coefficient κ abs is related to soot volume fraction f ν , laser wavelength λ, and the soot absorption function E(m). Soot volume fraction can be inferred from Eq. (7): where
is the soot absorption function, and m is the complex refractive index of soot defined as m = n-ik with a real part n and an imaginary part k. In this study, the values of n and k are obtained using Eq. (8) and (9), which are related to laser wavelength λ [21] :
This approach permits a robust in situ detection in combustion environments. Soot volume faction was inferred from the light extinction based on the Rayleigh limit assumption. The accuracy of the temperature measurements was validated by comparing the measured results with the results obtained by a thermocouple. The average deviation of temperature was less than 3% and the average deviation of gas concentration between the measured results and the theoretical calculations was less than 5%. More details on the temperature measurement system can also be found in our previous study [24] .
Experimental Set-Up
In this study, a diffusion flame combustion test platform was built in the laboratory and a stable ethylene/air laminar diffusion flame was generated as shown in Fig. 2 . During the experiment, the laminar diffusion flame burner was mounted on a three-dimensional displacement platform. In the experimental process, by moving the burner with a DC motor we obtained spatially resolved, absolute flame temperature and species concentration profiles along the flame sheet with 1 mm spatial resolution.
The core of the system is a time-division multiplexed combination of three lasers manufactured by Nanoplus (2.0 μm, 2.3 μm) and NEL (1.4 μm). Each laser is mounted in a 14 pin butterfly laser diode mount. A combined WTC3243/PCI-FPGA-1A laser controller is utilized to stabilize the laser temperature and modulate the laser current with a 100 Hz ramp signal. The WTC3243 is a compact, analog PI (Proportional, Integral) control loop circuit optimized for use in ultra-stable thermoelectric temperature control applications. The center wavelength of each laser is adjusted by tuning the driver current via the internal thermoelectric temperature control stage. It easily handles variable operating conditions with a stability of better than 0.0009°C. While the PCI-FPGA-1A is a single-board spectrometer controller for use with tunable diode lasers that operate CW(ContinuousWave) at drive currents below 200 mA. It is based on a field programmable gate array (FPGA) interfaced to an on-board flash for storage of non-volatile parameters. The board can be used to control a laser for direct transmission operation with any external data acquisition system. The laser current is repetitively swept over a specified current range. Three of the lasers are timemultiplexed at a repetition rate of 100 Hz and consecutive 10 spectrums were averaged to improve the signal-to-noise ratio.
Each of the target species CO, CO 2 and H 2 O are detected with a separate laser, tuned to scan transitions near 2302, 2001 and 1397 nm, respectively. The light emitted by the 2.0 μm laser is transmitted via a single-mode fiber to a collimator and reflected by a plane mirror. The optics superimpose the 2.3 μm laser and the 1.4 μm laser onto the same optical path by using two beam splitters (Thorlabs/DMLP1800, DMSP1000). Each laser is ramped sequentially, and the output from each is multiplexed into three collinear beams. After passing through the combustion region, all lasers are focused onto the same detector (Extended InGaAs Photodiode). The detector current is converted and amplified with a trans-impedance amplifier (TIA) and digitalized with a 10MS/s DAQ board. For the three fiber-coupled lasers were multiplexed onto the same optical path, they need to be separated in the time domain to avoid interference. By modulating each laser with a 100 Hz ramp function, which is switched off every other period, the combined laser signal is generated avoiding interference between the three lasers. The laser controller, data acquisition and processing are controlled using a LabVIEW-based control system. The measurements can be seen as quasi-simultaneous with respect to the time scale and transmission fluctuations inside the combustion region. Figure 3 shows the schematic of the rectangular laminar diffusion flame burner. The burner was modified on the basis of the Wolfhard-Parker slot burner [25] , [26] to minimize the edge flames and create a 2-dimensional flame on the slot burner by adding two nitrogen 16 × 20 mm purge slot at both ends of the fuel slots with a flow of 7.0 slpm. In order to reduce flame-edge effects, the optical path length through the combustion region was also maximized to 80 mm. In order to obtain a uniform 2-dimensional flame environment, the burner chambers were filled with 1 mm diameter glass beads under the burner surface.
Flame Burner
The rectilinear burner provides a relatively homogenous optical pathlength of 80 mm in the burner perpendicular to the flame sheet. And we define the 80 mm absorption path as the optical path length. The length of the laser transmitted from the collimator to the detector was a little longer than 80 mm for it transmitted through some non-combustion regions. But it had little effect on measurement results, which can be neglected for two reasons: 1) The length was relatively small. 2) More importantly, when it transmitted through the non-combustion regions, the selected absorption line intensity was relatively small at room temperature which had an insignificant influence on the absorption spectrum. The long optical path of uniform temperature will be more conducive to accurate absorption measurements. In our studies, ethylene exited the central 10 × 80 mm fuel slot and combined with parallel air flows from the two outside 16 × 80 mm slots. Each of these slots is equipped with a separate air-conducting interface to help different gas flow out of the particular slot. The burner could be translated transversely or longitudinally relative to the laser beam at a series of heights with a step size of 1 mm by software-controlled DC motor-driven translation stages. The laser and associated detection optics remained fixed. In order to obtain steady laminar conditions for the measurements, a stabilizing wire screen similar to that described by Wagner et al. was used. The screen anchored the flame and prevented the flame from oscillating due to natural convection air flows. The profile measurements were carried out in the region from 1 to 25 mm above the burner surface, regarding the height of the burner (height above burner, HAB) of 5 mm, 15 mm and 25 mm respectively.
In this study, research was conducted on various parameters regarding the impact of combustion characteristics and flame structure on the formation of soot, namely flame temperature, concentrations of CO 2 and CO. During the experimental process, the flow rates of C 2 H 4 and N 2 were fixed and set to be 0.27 slpm and 7 slpm respectively. The combustion conditions were adjusted by varying the concentrations of added CO 2 in the air stream that acted as an oxidant in the combustion process. The flow rates of C 2 H 4 , Air, CO 2 and N 2 under different conditions are shown in Table 1 .
Results and Discussion
Soot Volume Fraction and Temperature Distributions
A comparison of the time-averaged soot volume fraction & temperature distributions without and with the addition of CO 2 is displayed in Fig. 4(a) and (b) . As shown in Fig. 4 , the addition of CO 2 reduces the overall flame temperature and soot volume fraction, both of which decrease with the increasing concentration of added CO 2 . The corresponding time-averaged 2-dimensional soot volume fraction & temperature profiles reveal more detail about this influence. Soot is on average mainly present near the centerline at moderate concentrations and further downstream, close to the burner surface, soot volume fraction levels decrease. High temperatures at 25 mm coincide with soot volume fraction levels close to maximum. The bottom part of the soot volume fraction distributions of both diffusion flames looks quite similar in shape, while the intensity is higher in the case without the addition of CO 2 .
The addition of CO 2 has a significant influence on the flame temperature and soot volume fraction. It is generally believed that the flame temperature distributions have great effects on soot formation [27] - [29] . Accurate temperature measurements are expected to be an essential part of soot model validation. The experiment results in this work demonstrate that the flame temperature decreases with the concentration of added CO 2 increases. But in regions without significant soot presence of the downstream, the temperature profiles with the addition of CO 2 become very similar which indicates that the absence of soot correlated with temperature. The thermal effect of CO 2 is evident with lower flame temperatures, resulting in less soot precursors that related to the formation and oxidation of soot, such as PAHs which is the major soot surface growth substance. The thermal effect of flame temperature variation caused by the addition of CO 2 will change combustion characteristics and flame structure, as well as affect soot formation. At the same time, the chemical reaction rate related to soot formation is decreased. All of these will have an inhibitory effect on soot formation.
CO 2 and CO Distributions
The 2-dimensional concentration profiles of CO 2 , CO in the laminar diffusion flame under various combustion conditions is shown in Fig. 5 . As shown in Fig. 5(a) , at the same height, the CO 2 concentration reaches a peak at a distance of ±4 mm away from the center of the flame. The position of peak CO 2 concentration is the same as that of temperature, which indicates that CO 2 is generated in the reaction region of combustion. The measurement results in Fig. 5(b) show that the addition of CO 2 in the diffusion flame as an oxidant can significantly affect the spatial distribution of CO.
Researchers have proposed several CO 2 chemical reaction mechanisms involved in the flame for the chemical effects of CO 2 addition based on the C 3 reaction mechanism with seven potential reactions considered in the present C 3 chemistry mechanism. A large number of previous numerical simulations show that the chemical reaction: CO 2 + H < = > CO + OH plays a dominant role in the chemical reactions [30] , [31] . The added CO 2 consumes H radicals in the flame, which plays an important role in the generation of CO and OH. This was verified by the experimental results in this study. The specific chemical reactions are: A1 + OH < = > A1−+ H 2 O, A1−+ H(+M) < = > A1 (+M) and A1 + H < = > A1− + H 2 . The consumption rate of A1 (benzene) between A1 and A1-(phenyl) by the interconversion A1< = >A1-is intensified in the CO 2 diluted flame, which leads to the lower concentration of A1 in the CO 2 diluted flame. The lower concentrations of radical H and A1 cause the lower formation rate of pyrene, due to HACA growth mechanism of PAH. The lower concentration of pyrene results in a lower surface growth and inception rate in the CO 2 diluted flame, which inhibits the soot formation in the diffusion flame.
Validation: Comparison of Experiments and Numerical Simulations
To identify the contribution of these products on soot formation, numerical simulation is used to separate the different mechanisms. In the work of Guo et al. [32] , in addition to the normal calculation, an extra one is carried out with an artificial species XCO 2 , which has the same thermal and transport properties as CO 2 , but is chemically inert. As the fractions of CO 2 in fuel stream in their work are similar to our study, it is comparable and convincible to compare the normalized peak soot volume fractions with their work. The normalized peak soot volume fraction and the variation tendencies with different fraction of CO 2 are validated quantitatively and qualitatively as shown in Fig. 6 .
The addition of CO 2 monotonically reduces the formation of soot in the ethylene/air diffusion flame, which can be shown by the variation of the normalized maximum peak soot volume fraction versus the fraction of CO 2 in the fuel stream. Although the phenomena are very similar, there are still some differences between our study and Guo's study. With the large fraction of CO 2 in the fuel stream, the normalized peak soot volume fractions seem to be very close to the data in Guo's study. While with the small fraction of CO 2 in the fuel stream, the normalized peak soot volume fractions are higher than the values in Guo's study. One possible reason may be that the shapes of burner used during experiments were different (tube in Guo's study while rectangular in this work). The results measured in this work show that compared to the XCO 2 addition, the CO 2 addition further reduces the soot formation. This supports the argument that the addition of CO 2 inhibits soot formation through not only the thermal and dilution effects, but also the noticeable chemical effect.
Conclusion
The present study is aimed toward the development of multiple species sensors that can be applied for combustion diagnosis. In this paper, a diffusion flame test platform and a multiparameter measurement system were built in the laboratory. Using the diffusion slot burner, a stable ethylene/air laminar flow diffusion flame was established. The effect of CO 2 added in the air flow stream on the formation of soot particles and flame characteristics in the diffusion flame were studied based on TDLAS technique. Each laser is ramped sequentially, and the output from each is multiplexed into three collinear beams. For the three fiber-coupled lasers were multiplexed onto the same optical path, both wavelength regions can be measured simultaneously. Multiparameter such as temperature, soot volume fraction, concentrations of CO, CO 2 in the flame were measured and the intrinsic combustion chemical reaction process was analyzed.
As expected, significant differences were observed between the flames with and without the addition of CO 2 . The experimental results show that the presence of CO 2 has a striking inhibitory effect on the formation of soot particles in the diffusion flame. The addition of CO 2 reduces the overall temperature of the flame, which demonstrates the thermal effect of CO 2 on the formation of soot particles in the diffusion flame. In addition, the temperature of the diffusion flame, the concentration of soot particles and the concentration of various gases in the diffusion flame also demonstrate that the presence of CO 2 has a chemical effect on the formation of soot particles.
The related research work and experimental results of this paper validate the relevant chemical reaction model proposed by the previous studies, and provide a strong experimental data to support the influence of the combustion products on the flame characteristics and the formation of soot particles in the diffusion flame. It provides a comprehensive measurement method for the further development of the relevant chemical reaction mechanism in the future. In future measurements, we expect to gain more information with the slot burner about the combustion process through the obtained spatially-resolved data such as OH concentrations and so on.
